A bacterial strain that produces D-aminoacylase was isolated from soil and identified as Alcaligenes denitrificans subsp. xylosoxydans MI-4. L-Aminoacylase activity in this strain was only 1 to 2% of Daminoacylase activity. D-Aminoacylase was inducibly produced. N-Acetyl-DL-leucine was the best inducer, and the D-isomer had the ability to induce the enzyme. Enzymatic resolution of N-acetyl-DL-methionine with the crude enzyme was carried out, and the D/L ratio in the resolved methionine was approximately 100/7, suggesting that resolution with crude enzymes may become possible by removing small amounts of the contaminated L-form with L-amino acid oxidase.
D-Amino acids are used widely as useful intermediate materials for synthesis of various compounds such as bioactive peptides and antibiotics. Several methods have been developed for the preparation of D-amino acids, e.g., optical resolution of the racemate (1), use of hydantoinase (14, 17) , and coenzyme pyridoxal 5'-phosphate-dependent enzymes (11, 15) .
Resolution of DL-amino acids has commercial importance and has been performed by physicochemical, chemical, and enzymatic methods (1) . The physicochemical and chemical methods are not suitable for industrial resolution. At present, enzymatic methods are most the useful and convenient methods. One of these enzymes, L-aminoacylase, has been immobilized on DEAE-Sephadex and is now utilized in industry (2) .
The occurrence of microbial D-aminoacylase was demonstrated in the cell extracts from some Pseudomonas species (5-7), Streptomyces species (12, 13) , and, quite recently, Alcaligenes species (16) , but the coexistence of L-aminoacylase was also confirmed. To produce D-amino acids from N-acetyl-DL-amino acids with crude enzymes or intact cells containing D-aminoacylase, we screened to obtain D-aminoacylase-producing bacteria in which L-aminoacylase activity is weaker or not present at all. We isolated a strain, MI-4, which was identified as Alcaligenes denitrificans subsp. xylosoxydans. In this paper, we report the culture conditions for producing D-aminoacylase from A. denitrificans subsp. xylosoxydans MATERIALS AND METHODS Media and culture conditions. For the isolation of Daminoacylase-producing bacteria, the following medium was used (medium A): N-acetyl-D-2-amino-4-chloro-4-pentenoic acid, 0.1%; glycerol, 0.5%; KH2PO4, 0.1%; K2HPO4, 0.1%; MgSO4. 7H20, 0.01%; and yeast extract, 0.01% (pH 7.0), as reported previously (10) . Medium B for the production of D-aminoacylase contained the following: carbon source, 1%; nitrogen source, 1%; inducer, 0.5%; KH2PO4, 0.1%; K2HPO4, 0.1%; MgSO4. 7H2O, 0.01%; and yeast extract, 0.05% (pH 7.0). Cultures in 2-liter Sakaguchi flasks containing 500 ml of the medium were incubated at 30°C for 22 h on a reciprocal shaker at 125 rpm. Experiments were also done * Corresponding author. with 1.2-liter cultures grown in a 2-liter fermentor (Mitsuwa Rikagaku Kogyo Co., Ltd., Osaka, Japan). Stirring was set at 200 rpm, and the temperature was adjusted to 30°C.
Aeration was set to 1.2 liters/min after inoculation.
Isolation of D-aminoacylase-producing bacteria. A 1-g sample of soil was suspended in 5.0 ml of sterile distilled water by vigorous mixing. A 0.1-ml portion of the soil suspension was added to 1.0 ml of medium A in a test tube and cultivated at 30°C. After a 24-h cultivation, one loopful of the culture was transferred to another test tube containing 1.0 ml of fresh medium A. After this procedure was repeated several times, the cultures (0.1 ml) were streaked on nutrient agar plates. After 48 h, colonies were picked and purified by streaking three times on the nutrient agar plates. Each colony was tested for D-aminoacylase activity.
Assay of D-aminoacylase activity. The standard assay mixture for D-aminoacylase contained 100 mM potassium phosphate buffer (pH 7.8), 10 mM N-acetyl-D-methionine, and an appropriate amount of enzyme in a final volume of 1.0 ml. The reaction was started by the addition of the substrate. After incubation at 30°C for 20 min, the reaction was stopped by the addition of 0.1 ml of 50% trichloroacetic acid and the solution was centrifuged at 1,400 x g for 10 (3, 4) .
Aminoacylase in cell extracts from A. denitrificans subsp. xylosoxydans MI-4. The activities of L-and D-aminoacylases were assayed with cell extracts from cells cultivated at 30°C
for 22 h in glucose-(NH4)2SO4 medium B containing 0.5% N-acetyl-DL-methionine as the inducer. The specific activity of L-aminoacylase (0.0076 U/mg of protein) was very low, about 1 to 2% of that of D-aminoacylase (0.440 U/mg of protein).
Culture conditions for D-aminoacylase production. To determine the conditions for maximizing the production of D-aminoacylase, we investigated the effect of the concentration of inducer. Increasing the concentration of N-acetyl-DLmethionine as an inducer increased D-aminoacylase activity, although D-aminoacylase activity was present even in the absence of an inducer (Fig. 1) . L-Aminoacylase resulted in very little induction (specific activity, 0.0019 to 0.0028 U/mg of protein). An optimal concentration of 0.5% N-acetyl-DLmethionine was chosen for further study.
Various N-acetyl-DL-amino acids were tested for their ability to induce D-aminoacylase ( Table 1 ). The best inducer was N-acetyl-DL-leucine, showing 63-fold induction. NAcetyl-DL-methionine had a 16-fold induction and N-acetyl-DL-valine had only a 6-fold induction, whereas neither N-acetylglycine nor N-acetyl-DL-tryptophan served as inducers. Induction was also observed when DL-methionine or DL-leucine was used, although D-aminoacylase activity was about 50% of that found in cells induced with N-acetyl-DLmethionine or N-acetyl-DL-leucine. N-Acetyl-DL-methionine was substituted for N-acetyl-DL-leucine as an inducer for economic reasons in additional studies.
To examine which optical isomer of N-acetyl-amino acids induces D-aminoacylase, we grew the cells in the presence of 0.5% of each isomer of N-acetylmethionine. The L-isomer did not induce D-aminoacylase. This result suggests that the induction of D-aminoacylase is specific for the D-stereoisomer. D-Methionine completely inhibited growth. L-Methionine did not inhibit growth but failed to induce D-aminoacylase. Therefore, DL-methionine induction was caused by D-methionine, whose growth inhibition was reversed by L-methionine. N-Acetyl-DL-methionine (0.5%) was used as the inducer.
The effects of various carbon and nitrogen sources on the production of D-aminoacylase were tested ( Table 2 ). Glycerol as a carbon source resulted in the highest specific enzyme activity compared with the other carbon sources, but growth with glycerol was very poor. High total units of D-aminoacylase were obtained in glucose-(NH4)2S04, peptone-(NH4)2S04, glucose-peptone, and glucose-corn steep liquor media.
The time courses of induction of D-aminoacylase is given in Table 3 . When N-acetyl-DL-methionine was used as an inducer, the cell yields were low because of the growth inhibition of the D-methionine liberated. Therefore, an inducer was added to a culture after the cells grew into the stationary phase. In the glucose-(NH4)2SO4 medium (Table  3) , total protein and total units of D-aminoacylase after 12 h of induction from the stationary phase were three to four times higher than those observed after 22 h of cultivation to which an inducer was added at the start of the experiment. In glucose-peptone medium (data not shown) and glucose-corn steep liquor medium (data not shown), on the other hand, D-aminoacylase was not fully induced. The combination of glucose and (NH4)2SO4 as carbon and nitrogen sources was suitable for D-aminoacylase production. Washed cells from a culture grown in glucose-(NH4)2SO4 medium were incubated with shaking in 10 mM potassium phosphate buffer (pH 7.0) containing 0.5% N-acetyl-DL-methionine as an inducer. DAminoacylase, however, was not induced (data not shown). Total units and specific activity of D-aminoacylase reached a maximum 18 and 24 h, respectively, after the addition of the best inducer, N-acetyl-DL-leucine (data not shown). However, the specific activity of the enzyme was about 45% of the value measured in cells grown in Sakaguchi flasks ( Table  1) .
Resolution of N-acetyl-DL-methionine. Resolution of Nacetyl-DL-methionine by the cell extracts was performed. The cell extracts contained no detectable methionine racemase and methionine-degrading activities. After 2 h of incubation, nearly 100% of 25 mM N-acetyl-D-methionine was hydrolyzed with 3.2 mg of the cell extracts. The D/L ratio in the resolved methionine was approximately 100/7. To isolate D-methionine, we performed a large-scale reaction (100 ml). After 2 h (80% hydrolysis), the reaction mixtures were applied to a Dowex 50 x 8 (H+) column (2 by 15 cm). After the column was washed with water, methionine was eluted with 2 N ammonia. Methionine was several times crystallized from ethanol. L-Methionine in crystalline methionine (132 mg; D-form, 122.8 mg; L-form, 9.2 mg) could be decomposed by 0.148 U of L-amino acid oxidase. Methionine was identified by high-performance liquid chromatography, thin-layer chromatography, and nuclear magnetic resonance and the D-form was demonstrated by D-amino acid oxidase.
DISCUSSION
In the course of the enzymatic resolution of N-acetyl-DL-2-amino-4-chloro-4-pentenoic acid, D-aminoacylase from Streptomyces tuirus (13) did not show activity toward this compound. In this study, to isolate new D-aminoacylaseproducing bacteria with lower substrate specificity from the soil, we used N-acetyl-D-2-amino-4-chloro-4-pentenoic acid as the screening substrate and nitrogen source. L-2-Amino-4-chloro-4-pentenoic acid isolated from fruit bodies of Amanita pseudoporphyria Hongo has strong antibacterial activity (9) . Since D-2-amino-4-chloro-4-pentenoic acid liberated from N-acetyl-D-2-amino-4-chloro-4-pentenoic acid also has antibacterial activity, the isolates could easily be purified by repeated inoculation on medium A. We isolated A. denitrificans subsp. xylosoxydans MI-4. This strain is the second example of a D-aminoacylase-producing Alcaligenes species.
D-Aminoacylase activities in the cell extracts from A. denitrificans were higher than those from Streptomyces (12) and Pseudomonas (5, 7) species. The specific activity of D-aminoacylase from A. denitrificans subsp. denitrificans DA181 (16) (13) . The use of peptone or corn steep liquor in the cultures repressed the induction of the MI-4 enzyme, whereas the Streptomyces and DA181 enzymes were induced regardless of the presence of peptone.
Enzymatic resolution of N-acetyl-DL-phenylglycine was carried out by the purified D-aminoacylase from Streptomyces olivaceus 62-3 (12) . However, we tried to resolve Nacetyl-DL-methionine with the cell extracts from A. denitrificans subsp. xylosoxydans MI-4. Since L-methionine was resolved in small amounts, the removal of L-methionine by L-amino acid oxidase was easy. The present work revealed that resolution by crude enzymes can be achieved.
